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1. Introduction 
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2. Theoretical approach  
#D J>?I I;9J?ED J>; J>;EH;J?97B FH?D9?FB;I <EH J>; ?DJHE:K9J?ED E< J>;" C?9HE	C;9>7D?97BCE:;B 7H; 8H?;<BO
:;I9H?8;:
 7J?=K;FHE9;II;I ?DC;J7B9ECFED;DJIEH?=?D7J; ?D J>EI;=H7?DIM>?9>KD:;H=EFB7IJ?9:;<EHC7J?ED ?D
IB?F 87D:I
 .>;H;<EH; J>; 799KCKB7J;: FB7IJ?9 I>;7H IJH7?D FB7OI 7 A;O HEB; <EH J>; ?D?J?7J?ED E< <7J?=K; 9H79AI ?D
=H7?DI
#DJ>?I9EDJ;NJ9H79A?D?J?7J?ED?IKD:;HIJEE:7IJ>;<7?BKH;E<J>;CEIJKD<7LEH78BOEH?;DJ7J;:=H7?DIM>?9>
IK<<;H FB7IJ?9 :;<EHC7J?ED
  EH BE7:IM?J> IC7BB 7CFB?JK:; 	 7I J>; 97I; ?D J>;"  H;=?C;	 E<J;D EDBO ED; IB?F
IOIJ;C?I79J?L;?DFB7IJ?97BBO:;<EHC;:=H7?DI7D:J>;FB7IJ?98;>7L?EHE<J>;=H7?D97D8;CE:;B;:799EH:?D=JE7
9EC8?D;:A?D;C7J?97D:?IEJHEF?9>7H:;D?D=HKB;
.EH;79>7D?D<?D?J;B?<;?DJ>;" H;=?C;7D:JE7LE?:<7J?=K;
9H79A?D?J?7J?ED?D=H7?DIJ>;799KCKB7J;:FB7IJ?9I>;7HIJH7?D?D;79>=H7?D7<J;H7>?=>DKC8;HE<BE7:9O9B;ICKIJ
DEJ ;N9;;: 7 9H?J?97B B?C?J :;DEJ;: >;H; 7I * 
 EDI;GK;DJBO J>; =H7?D H;C7?DI ?D J>; >7H:;D?D= F>7I; 7D:
D;9;II7H?BO;B7IJ?9I>7A;:EMDE99KHI
#J97D8;I>EMDJ>7JJ>;799KCKB7J;:FB7IJ?9I>;7HIJH7?D<EH;79>IB?FIOIJ;C
E<7=H7?D?DJ>;;D:KH7D9;B?C?J?I:?H;9JBOFHEFEHJ?ED7BJEJ>;C79HEI9EF?9H;IEBL;:I>;7HIJH;II7D:O?;B:IJH;II7I
<EBBEM?D=56
#

ī 2
 RW
 f   
M>;H;*?IJ>;799KCKB7J;:FB7IJ?9I>;7HIJH7?D7<J;H7D?D<?D?J;DKC8;HE<BE7:9O9B;IJ>;H;IEBL;:I>;7HIJH;II
<EH J>;9EDI?:;H;:IB?F:?H;9J?EDW2* J>;O?;B:IJH;II8;<EH; BE7:9O9B?D=7D:# J>; ?IEJHEF?9>7H:;D?D=9E;<<?9?;DJ

EDI?:;H?D=7 I?D=B;=H7?D*I>EKB:8;9>;9A;: <EH 7BB IB?F IOIJ;CIE< J>;=H7?D7D:9ECF7H;:M?J> J>;9H?J?97B
B?C?J* 
1; ?DJHE:K9;DEM J>;C?9HEIJHK9JKH7B F7H7C;J;HI ?
;
 =H7?D I?P; 7D:=H7?DEH?;DJ7J?ED ?DJEG

 #J ?I
ADEMDJ>7JO?;B:B?C?JW2 ?I:;F;D:;DJEDJ>;=H7?DI?P;
";H;M;KI;7"7BB	*;J9>	JOF;;GK7J?ED7I ?BBKIJH7J;:8O
1;D=?D56:K;JE?JI7FFB?978B;<EHC7D:=EE:7=H;;C;DJ8;JM;;D;NF;H?C;DJ7B7D:J>;EH;J?97BH;IKBJI



 f  &22 WWR   
M>;H;W2?IJ>;O?;B:IJH;IIE<J>;IB?FIOIJ;C?D7I?D=B;9HOIJ7BM?J>?D<?D?J;I?P;J>;=H7?DI?P;7D:&7C7J;H?7B
F7H7C;J;H
)DJ>;EJ>;H>7D:J>;H;IEBL;:I>;7HIJH;II97D8;MH?JJ;D?DJ;HCIE<C79HEI9EF?9IJH;II;I7D:J>;
IB?F:?H;9J?ED7I<EBBEM?D=56
232332131331121221333322221111 )()()()()()()()()()( 666666 6 

 
M>;H;6$%7H; 9ECFED;DJIE<C79HEI9EF?9 IJH;II J;DIEH
($ 7D:)$ 7H;L;9JEH 9ECFED;DJIE< J>; IB?F:?H;9J?ED7D:DEHC7BJEJ>;IB?FFB7D;H;IF;9J?L;BO
1?J>H;IF;9JJE7=BE87B9EEH:?D7J;IOIJ;CJ>;IB?F:?H;9J?EDI7H;:;F;D:;DJ
ED J>; =H7?D EH?;DJ7J?ED
 .>;H;<EH; J>; H;IEBL;: I>;7H IJH;II  ?D G
  ?I ?CFB?9?JBO 7 <KD9J?ED E< J>; =H7?D
EH?;DJ7J?ED
KB;H	7D=B;I7H;KI;:?DJ>?IMEHA<EH:;<?D?J?EDE<J>;=H7?DEH?;DJ7J?ED56IEJ>7J7DOHEJ7J?EDC7O8;
:;I9H?8;:KI?D=J>H;;7D=B;IIT\
#<J>;HEJ7J?EDI7H;MH?JJ;D?DJ;HCIE<9EHH;IFED:?D=C7JH?9;I7D:J>;D
7=;D;H7BHEJ7J?ED97D8;:;9ECFEI;:7I
    
,;FB79?D=W2*7D:?DG
M?J>H;B7J;:;NFH;II?EDIG
7D:G
J>;799KCKB7J;:FB7IJ?9I>;7HIJH7?D*97D
8;FH;I;DJ;:7I7<KD9J?EDE<J>;=H7?DI?P;=H7?DEH?;DJ7J?ED7D:C79HEI9EF?9IJH;II;I
#
&ȈȈī 2




f
f

 
W\TI
\TI   
60   R. Eslami et al. /  Procedia Engineering  74 ( 2014 )  57 – 63 
#D9ED9BKI?EDM;?DJHE:K9;7<7?BKH;<KD9J?ED=IT\67I79H?J;H?ED<EHFH;:?9J?EDE<<7J?=K;<7?BKH;?D9BK:?D=
7BBF7H7C;J;HIE<G
7D:J>;9H?J?97BB?C?J*
.E<KB<?BB;B7IJ?9I>7A;:EMD7D:7LE?:9H79A?D?J?7J?ED?D=H7?DIJ>;
799KCKB7J;:FB7IJ?9I>;7HIJH7?DCKIJ8;B;IIJ>7DJ>;9H?J?97BB?C?J*7D:>;D9;J>;<7?BKH;<KD9J?EDCKIJ>7L;7
L7BK;=H;7J;HJ>7DEH;GK7BJEP;HE<EH;79>IB?FIOIJ;C




t

 
f
#
&Ȉ
īȈșȥ" 2
W\TI
I  
.>;<7?BKH;<KD9J?ED97D8;;?J>;H7FFB?;:7JC;IEI9EF?9I97B;<EH?D:?L?:K7B=H7?DI?<C?9HEIJHK9JKH;F7H7C;J;HI7H;
ADEMD7I:;J;HC?D?IJ?9L7BK;IEH<EH7D7==H;=7J;E<=H7?DI?<IJE9>7IJ?9F7H7C;J;H:?IJH?8KJ?ED?IADEMD


3. Experimental results  
.E?DL;IJ?=7J;J>;" ;LEBKJ?ED7JIC7BBI97B;I7D:L;H?<OJ>;FH;I;DJ;:C?9HEC;9>7D?97B" CE:;BH;IKBJIE<
<7J?=K;;NF;H?C;DJIEDC?9HE	I7CFB;IM;H;KI;:
9KIJEC	8K?BJJ;IJI;JKFM7IKJ?B?P;:<EHB?<;J?C;I8;JM;;D
7D:  9O9B;I 5	6
 #J M7I :;I?=D;: 7I 7 H;IED7DJ :;L?9; <EH IJ?CKB7J?ED E< C?9HE	I7CFB;I 7J H;IED7D9;
<H;GK;D9?;I?DEH:;HJEC7N?C?P;J>;IJH;II7CFB?JK:;7D:H;:K9;J>;J;IJ:KH7J?ED
.>;<EHC7J?EDE<IB?F87D:I7D:
C?9HE	9H79AIM7IE8I;HL;:M?J>I97DD?D=;B;9JHEDC?9HEI9EF;-'<E9KI;: ?ED8;7C #7IM;BB7IEFJ?97B
C?9HEI9EFO
(?9A;BI7CFB;IM?J>7H;9J7D=KB7H9HEIII;9J?EDE<VC8OVC7D:7L;H7=;=H7?DI?P;E<VC
M;H;KI;:
.>;I7CFB;IM;H;9KJEKJM?J>B7I;HJ>HEK=>7DD;7B;:<E?BI>7L?D=
FKH?JO
.>;DJ>;OM;H;;B;9JHE	
FEB?I>;:?DEH:;HJEH;CEL;:;<;9JIEDJ>;IKH<79;7D:79>?;L;78;JJ;HH;<B;9J?EDE<B7I;H8;7C:KH?D=;NF;H?C;DJ

.>;MEHA?D=FH?D9?FB;E<J>;J;IJI;JKF7D:=;EC;JHOE<J>;I7CFB;I7H;?BBKIJH7J;:?D ?=

)D;I?:;E<J>;I7CFB;
?I<?N;:?D79B7CF7D:J>;EJ>;HI?:;97DEI9?BB7J;7I7C7II7JH;IED7D9;<H;GK;D9O
.>;9B7CFI?:;?I;N9?J;:M?J>
JME ?D:;F;D:;DJ F?;PE;B;9JH?9 79JK7JEHI JE 9EDJHEB ?D	F>7I; EH EKJ	E<	F>7I; :?IFB79;C;DJI
;D:?D= 7D: JEHI?ED7B
:?IFB79;C;DJI E< J>; I7CFB;M;H;C;7IKH;: KI?D= 7 B7I;H 8;7C H;<B;9J;: <HEC IKH<79; E< J>; I7CFB; JE 7D 7H;7
:;J;9JEH
.>;?D:K9;:8;D:?D=7D:JEHI?EDIJH;II;I?DJ>;I7CFB;M;H;97B9KB7J;:<HECJ>;C;7IKH;::?IFB79;C;DJI



a 

b

c
 ?=

7.;IJI;JKF8MEHA?D=FH?D9?FB;97D:=;EC;JHOE<C?9HE	I7CFB;IKI;:?DCKBJ?7N?7B" ;NF;H?C;DJI5	6

 ?=
I>EMIJ>;IKH<79;E<ED;(?I7CFB;8;<EH;7D:7<J;H" J;IJ?D=79GK?H;:8O7DKBJH7L?EB;JB7I;HI97DD?D=
C?9HEI9EF;
.>?II7CFB;M7IBE7:;:KD:;HKD?7N?7B8;D:?D=IJH;IIE<r'*7<EHN9O9B;I
'?9HE	:7C7=;
;LEBL;::KH?D=BE7:9O9B?D= ?=
87D:?ICEIJBO:K;JEIB?F87D:I7D:H;B7J;:;NJHKI?EDIM>?9>7H;BE97J;:?DJ>;
7H;7M?J>J>;>?=>;IJ8;D:?D=IJH;IID;7HJ>;C?:FE?DJE<J>;=7K=;I;9J?ED
.>?I7H;7M7I7D7BOP;:M?J>-7D:
7C7FF?D=FHE=H7CM7IKI;:JE;NJH79J=H7?DI?P;7D:=H7?DEH?;DJ7J?EDKB;H7D=B;I



61 R. Eslami et al. /  Procedia Engineering  74 ( 2014 )  57 – 63 
                                     a 

b

 ?=

'?9HEI9EF?9?C7=;<HECIKH<79;E<(?	I7CFB;78;<EH;" J;IJ8C?9HE	:7C7=;I7<J;H" J;IJN9O9B;I

.>;<7?BKH;<KD9J?EDM7I97B9KB7J;:<EH7BBIB?FIOIJ;CI<EH;79>=H7?D<EH;L7BK7J?D=G

'7J;H?7B:7J7<EH(?
M;H;7FFB?;:799EH:?D=JE B?J;H7JKH;7D:B?IJ;:?D.78B;5	6
.>;9H?J?97B B?C?JE< J>;799KCKB7J;:FB7IJ?9
I>;7HIJH7?DM7I;IJ?C7J;:87I;:EDJ>;7L7?B78B;:7J7?DB?J;H7JKH;


.78B;
'7J;H?7BF7H7C;J;HI<EH(?
'7J;H?7BF7H7C;J;H 07BK; /D?J
&  5'*7
VC6
#  5'*76
W2  5'*76
*  5	6


JEJ7BE<=H7?DIBE97J;:?DJ>;7H;7M?J>7>?=>7CEKDJE<C?9HE	:7C7=;IM;H;7D7BOP;:
.>;FH;:?9J?EDIE<
J>;<7?BKH;<KD9J?EDM;H;9ECF7H;:M?J>J>;C?9HE	:7C7=;IE8I;HL;:?D=H7?DI7D:J>;9EHH;IFED:?D=9B7II?<?97J?ED
H;IKBJI7H;IKCC7H?P;:?D.78B;
.>;H;IKBJI97D8;=?L;D?D<EKH=HEKFIJMEE<M>?9>=?L;9EHH;9J9B7II?<?97J?ED
H;IKBJI M>?B; J>; H;C7?D?D= JME 9EHH;IFED: JE J>; JME FEII?8B; M7OI E< C?I9B7II?<?97J?ED
 8EKJ  E< 7BB
?DL;IJ?=7J;:=H7?DI7H;9EHH;9JBO9B7II?<?;:?DE<J>;=H7?DI7<7BI;H;@;9J?EDM7IC7:;7D:EDBO7H;<7BI;
FEI?J?L;9B7II?<?97J?EDI


.78B;
ECF7H?IED8;JM;;DFH;:?9J?EDIE<<7?BKH;<KD9J?ED7D:E8I;HL;::7C7=;I?D=H7?DIE<(?I7CFB;
B7II?<?97J?ED=HEKF  7?BKH;<KD9J?ED )8I;HL;::7C7=;I (KC8;HE<=H7?DI *;H9;DJ7=;E<=H7?DI
56
9EHH;9J =KD:7C7=;: (E:7C7=;L?I?8B;  
<7BI;H;@;9J?ED =:7C7=;: (E:7C7=;L?I?8B;  
9EHH;9J =:7C7=;: 7C7=;L?I?8B;  
<7BI;799;FJ7D9; =KD:7C7=;: 7C7=;L?I?8B;  
62   R. Eslami et al. /  Procedia Engineering  74 ( 2014 )  57 – 63 
4. Discussion 
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